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INTROLDUCTION

The Second International Zonference of the
Center for High-Energy Forming was held at Estes
Park, Colorado, on June 23-27, 1969. The symposium
was sponsored by the Army Materials and Mechanics
nesearch center and the Advanced Rescarch Projects
Agency. The proceedings were distributed prior to
the meeting. A part of the Conference was concern-
ed with the mechanics of high-velocity deformation
or the effects of high-strain rates on the behavior
and final properties of metals. The major part of
the Conference dealt with innovations or details of
various emerging processes, including equipment and
processes under development in Europe and Japan.
The apparent -mphasis on descriptive presentations
reflects the growing importance attached by the
sporzsring agencies to transferal of research-and-
development information to manufacturing organiza-
tions.

ELECTROMACJETIC FCARMING

Forming, sizing, and assembling of metallic
parts by the action of pulsed magnetic fields are
comparatively young processes. The action results
from discharging electrical energy stored in a capac-
itor bank into a forring coil of appropriate design.
During th> discharge cycle, lasting typically on the
order of 3¢ microseconds, induced magnetic fields
develop pressures on conducting workpieces placed in
or adjacent to the forming coil. System efficiency
is important because the cost of capital equipment
is approximately proportional to the amount of ener-
gy that can be stored in the capacitor bank. Coil
design is very important because the coil must with-
stand the forming pressures for a usefully high num-
ber of cycles in repetitive operations.

Because of the complexity of the electromag-
netic forming process, Lawrence used dimensional
analysis to identify the importance of various param-
eters.(l] Eight factors of the electrical system
and five parameters representing the properties of
the workpiece were considered to be independert var-
iables influencing energy requirements. The analy-
sis jecad to ten dimensionless functions that can be
used in scale modeling calculations for electromag-
netic forming operations. The analysis indicates
that all energy values should scale in proportion to
the volume of the workpiece. The efficiency of the
process is expected to depend on a dimensionless
pumber determined by the density of the workpiece
and the capacitance, voltage, and inductance of the
electrical system. The analysis should help in plan-
ning expcriments to provide a better theorectical ba-
sis for the electromagnetic process,
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Jansen pointed out that the capacitor, coil,
and workpiece should be considered as a sysfem and
be designed for optimum cfficiency.{2) Using a simp-
lified mathematical model, he considered the effects
of stored energy, frequency, and setup geometry on
the efficiency, pressure, and deformation velocity
in shrinking a metal tube by the electromagnetic
forming process. The distanc~ the surface of the
workpiece moves before impacting the die (or "fly dis-
tance') is an important geometrical parameter. High-
er efficiencies based on conversion of electrical
energy to uscful deformation are attained when the
workpiece hits the die at the theoretical peak veloc-
ity, with no excess kinetic energy available for
causing unnecessary impact stresses., The combination
also will result in better coil and die life. The
optimum conditions are achieved by proper combina-
tions of fly distance, frequency, and kinetic energy.
The computer simulation study, with a program based
on some experimental data and reasonable assumptions
indicates that lower frequencies and higher energies
require larger fly distances. The cases considered
show the effects of cquipment limitati»ns and form-
ing parameters on efficiency. Some exaqples show
that lower frequ.ncies require smaller magnetic pres-
sure to develop comparable peak velocities aud kine-
tic energies. With some high-frequency conditions,
the workpiece displacement is small enough so that
the second pressure pulse contributes forming energy.
Some of these conclusions based on Jansen's calcula-
tions are illustrated by Figures 1 and 2 and compari-
sons between them.

The design of external solenoid coils for
shrinking or compressing workpieces was the subjcct
of a paper by Gilbert and lawrence.(3} Very little
information on the problem of coil design had been
published previously., Their article shows how to
calculate currents, ficlds, and forces for inductors
and capacitors in the circuit from clectropagnetic
theory. This information permits assessing the
capability of a particular installation on the basis
of the maximum voltage and the capacitance of the
equipment and the radius and length of the forming
coil. The electromagnetic parameters determine the
limiting mechanical forces that can be developed and
that must be withstood by the covil. Eyuations are
given which permit calculation ol impulsive forces
from the pressures and the pulse durations. Those
forces must exceed the energy requirements for the
forming operation of interest, taking efficiency into
account, and must be considered in designing coils
strong enough for a suitably long life in a particu-
lar application.

Sometimes coils other than the simple spiral
and solcnoidal types are of interest, and, in this
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FLGURE 1. VARIATIONS IN DEFORMATION VELOCITY (v},
RADIAL UISPLACEMENT (r), MAGNETIC PRES-
SURE (p), AND EFFICIENCY (n) WITH TIME
FOR ELECTROMAGNETIC FORMING OF A Cl015
STEEL RING(2)

(f = frequency of circuit, E = stcred
energy, C = capacitance of storage bank)

regard, Al-Hassani, Duncan, and Johnson presented
approaches for designing several variations of the
basic types of coils.(4) Their experimental tech-
niques should help in designing coil windings that
cause pressure distributions suitable for particular
applications., The pressure distributions can be
centrolled by altering the coil configuration and
the electrical circuit to adjust the shape and mag-
nitude of the pressure pulse. They recommend the
use of search coils and of multiple dimpling opera-
tions o thin sheet as alternative methods ior
measuring pressure distributions produced by proto-
type or preliminary coil designs. The dimples were
formed in an array corresponding to a grid pattern
covering the arca of interest. The depth of a dim-
ple is a measure of the pressure at that location,
The use of the two techniques was illustrated by
experiments with four different types of flat coils.

Figure > shows the effects of using two dif-
ferent types of flat-coil designs on the instantane-
ous profiles of diaphragms formed freely in air.

The aluminum sheet used for the experiments was
0.035-inch thick and the discharge energy was 0,36
kj. The coil designs are shown above the appropri-
ate charts. With the conventional coil design shown
at the left, tie peak pressure occurred at a (non-
dimensional) radius of 0.6. The material at that
distance moved away from the coil more rapidly than
from the central region. Later, the material at the
center formed the zpev.  The coil at the right,

with the inner turns in a direction opposing those
near the outside, developed two pressure peaks (at
radii of 0.4 and 0.8), and caused the workpiece to
move uniformly.

Although electromagnetic techniques are
most widely used for assembly operations and for

forming thin sheet or tubular stock, Blanc and Deker-
legand described operations on Saturn 1-C bulkheads{5)

These elliptical welded structures have major and
minor diameters of 33 and 11-1/2 feet, respectively.
They must mcet dimensional tolcrances of 2 or 3 de-
grees on the outcide contour and of 0.05 inch on
weld mismatch,  The structures are made from 2219-
T8h aluminum alloy with weld-land thicknesses rang-
ing from 0.22 to U.46 inch. Lquipment for correct-
ing weld distortion included special coils for use
with a portable 18 kj capacitative discharge unit.
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FIGURE 2., VARIATIONS IN DEFORMATION VELOCITY (v),

RADIAL DISPLACEMENT (r), MAGNETIC PRES-
SURE (p), AND EFFICIENCY (n) WITH TIME
FOR ELECTROMAGNETIC FORMING OF A Cl1015
STEeL RING UNDER CONZITIONS inwicateD(2)
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FIGURE 3. EFFECT OF COIL DESIGN ON UNIFORMITY OF
BULGING IN FREE FORMING BY ELECTROMAG-
NETIC PROCESS{4)

(0.035-inch-thick aluminum sheet,
energy = 0.36 kj)

The techniques developed for this specialized elec-
tromagnetic forming operation allowed the dimension-
al specifications to be met. No damage to the welds
was detected by X-ray and dye-penetrant inspection.

ELECTROHYDRAULIC FORMING

The electrohydraulic process, which harness-
es for useful purposes the energy released by the
discharge of a high-voltage spark under water, is
probably the most widely applied high-energy forming
method. To simplify manufacturing operations, the
spdark is usually discharged between permanent elec-
trodes rather than by exploding a wire, as is some-
times done in experimental studies. Equipment for
electrohydraulic forming includes a power source
(electrical energy stored in a bank of capacitors),
forming dies, a jress tn open and close the dies,
and provisions fur filling the cavity with water and
for evacuating 2°r from between the die and the work-
piece.




Over a million parts have been produced by
»lectrohydraulivc forming which are used on every
Jet transport plane now in production according to
Cadwell.(6) The equipment and process, trademarhed
"Sonitfora'! by Rohr Aircraft, is used for forming
more than 300 different precision parts for the
aerospace industry. The more common type of unit
operates horizontally and semiautomatically. The
operator loads the part, closes the die, aid starts
the cycle. Dual-die actuating units utilize a sin-
gle power supply. The forming process is most at-
tractive, cconomically, when it forms parts which
are ordinarily assembled from two or more stampings.

Shimadzu Seisakusho, Ltd., also is marketing
electrohydraulic forming equipment. A horizontal
unit is used mainly for tubular work; the vertical
unit is preferred for sheet-metal parts. The hori-
zontal unit will take tubular workpieces up to 8
inches in diameter and 14 inches in length. The
total discharge voltage of the 45 kj units is 30 kv
and the frequency is about 20 kHz.

A wide variety of parts have been made in
small lots. For instance. copper sheet has been
formed into complex electrodes for clectrodischarge
machining of molds and die cavities, Some ingeni-
ous techniques have been developed; one is illus-
trated in btigure 5. In this aprroach. both fixed
and movable dies are included in the assembly. As
the impulsive pressure is transferred by the fluid
to the inside of the pot, pressure is also applied
to the movable die to produce axial motion. This
compensating compressive stress should minimize wall
thinning and increase the permissible circumferen-
tial strains before rupture.

In order to overcome the disadvantage of re-
latively long cycle times, the possibilities of form-
ing many parts simultaneously have been studied.

One approach used for mass producing automotive
parts is to incorporate several die sets in one dis-
charging chamber. This increases production rates
without shortening the time needed for a single shot.

Inoue and Nishiyama used high-speed photog-
raphy to study the mechanisms for transmitting ener-
gy liberated by an underwater electrical discharge
to the workpiece.(8) Like earlier workers, they
concluded that the principle is the same as in ex-
plosive forming. The initial deformation results
from a primary shock wave; a second deformation re-
sults from the action of the gas bubble formed by
the electrical discharge. Since the latter effect
is important, the efficiency of the operation can be
improved hy utilizing the interaction of gas bubhles
formed by two successive sparks. Both the time in-
tcrval between sparks and the clectrode spacing are
important, and there is an optimum electrode spacing
to achieve the maximum amount of bulging.

EFFECTS OF HIGH-ENERGY-RATE FORMING
ON_PROPERTIES OF MATERIALS

The microstructure of pure polycrystalline
nickel subjected to explosive shock loading and sub-
sequent heat treatments by transmission electron
microscopy was studied by Trueb.(?) Shocking at
70 and 320 kb developed substructures resembling
those normally caused by cold work. leat treating
for short times in the range from 600 to 780 C (1110
to 1435 F) caused recovery by dislocation migration;
no polygonization, nucleation, or grain growth was
observed. Shocking nickel at 1000 kb, on the other
hand, developed an extremely high density of disloca-
tions, clusters of point defects, and complex pat-
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FIGURE 4, TUBULAR PART FORMING BY MOVABLE DIE ASSEM-
BLY TECHNIQUE(7)

terns of microtwins. Subsequent heat treatment for
times of luss than 6 minutes at 600 or 780 C devel-
oped comparatively low hardnesses. The heat treat-
ucnts caused nonuniform polygonization, nucleation,
and grain-boundary migration. Recovery caused by
shock-induced heating also occurred on a highly
localized scale in the specimens subjected to the
higher intensity shock pressures.

Several papers dealt with the effects of
high strain rates on the behavior of metals during
deformation and on their final properties. Four
types of steel were tested by Van Wely at tempera-
tures ranging from 20 to -196 C (68 to -321 F) and
at strain rates ranging from 0.025 to 2000/second.(29)
The influence of strain rate on the limiting values
for uniform elongation was not the same for uniaxial
and biaxial straining. In uriaxial tension, the
uniform elongation values for Type 304 stainless
steel, N-A-TRA 70, and N-A-XTRA 100 increased with
strain rate. In similar tests, strain rate had ne
effect on the ductility of a low-carbon steel. In
bulge tests, the limiting pole strain fo. the low-
carbon steel decreased with strain rate; the limits
for the other steel were independent of deformation
rate.

Techniques for determining dynamic stress-
strain/strain-rate relationships for metals by ex-
panding-rin§ experiments were described by Hoggatt
and Recht.(10) The ring used for the specimen is
shrink fitted over a hardened steel core that trans-
mits the shock generated by a chemical explosive. The
explosive charge is centrally located in the steel
wore, As .ndicated in Table 1, all of the metals
exhibited higher flow stresses at high strain rates
than they did in conventional-spced tensile tests.
Snfter or weaker metais were mure sensitive to fast
straining rates. In the cases of aluminum and nor-
malized 4130 steel, the dynamic yield strengths were
doubled by strain rates exceeding 500/second. For
all materials investigated, strain-rate effects were
more noticecable in the rangc below 300/s5.ci..0 than
at higher strain rates. Usually, a single stress-
strain curve would represent the behavior of a metal
within 5 percent for strain rates varying from 500
to 15,000/sccond. Except for the titanium alloy,
the strain at rupture wa:. higher in dynamic than in
static testing. Presumably, this reflected the fact
that necking did not occur, hence all deformation oc-
curred as uniform strain.

The effects of conventional and of explosive
forming on the tensile and hardness properties and




TABLE |, STRAIN-RATE SENSITIVITY OF MATERI ALS TESTED 1N EXPAND -
ING RING EXPERIMENTS 10}

Stotic
Yield Ratio of Dynam-
Strength,  Stroin Rate | ic to Static

Materio!  Type Condition . ksi Range, sec  Yield Strength
Alumioym 2014 Annealed 14 500-7, 000 2.0
Steel 4130 Normalized 61 500-9, 000 2.0
Titonium  6AI-4V  Forged 136 500- 15, 000 1.4
Steel 4130 HIR. 3 122 500-11,000 1.3
Steel 4340 HT-R_ 39 156 500-13, 000 1.2
Steel Déoc  HT-R. 49 254 500-9, 000 1.1

the response to heat treatment of 2014 aluminum al-
loy were compared by Orava and otto. (11) They

found no differences in the final microstructure,
hardness, strength, work-hardening rate, or ductil-
ity that could be attributed to differences in form-
ing rate, Figure 5 shows the response te aging at
350 F of solutjon-treated 2014 aluminum. The scat-
ter bars cover the range in hardness exhibited by
materials representing three conditions before solu-
tion treatment: unfcrmed, rubber pressed, and ex-
plosively deformed to strains of 0.11 and (.16 inch/
inch.

The stress-corrosion behavior of explosively
formea 2014 aluminum alloy was investigated by Whit-
ing and Orava.(12) They concluded that deformation,
regardiess of strain rate, did not impair the rela-
tivelv good resistance of the 2014-0 grade to stress
cerrosion in 3.5 percent aqueous solutions ot MaCl.
The data also suggested that explosive forming has
4 less detrimental effect than does conventional
forming on stress-corrosion characteristics of ma-
terial forned in the -Te condition.

Meager data presented by Mikesell suggest
that struin rate had little or no statistically sig-
nificant effect on tension-tension fatigue properties
of 2014 aluminum deformed in the -T6 condition. (13)

An extensive study on explosive strengthen-
ing of stesls was summarized by Mykkanen, Doherty,
and Henriksen, (14) Some of the work was concerned
with precautions required to prevent spallirg and
to control the pressures and time Jdurations of the
pressure pulses. The cttects ot wave refiections
and 1nteractions were also discussed in the paper.
Pearlitic, martensitic, stainless, and maraging
steels were included in the experimental programs.
Noticeable increases in strength were achieved by
explosive hardening. For instance, shocked speci-
mens of 4340 steel exhibited yicld strengths 30 to
70 kei higher than thosc eapected from conventional
heat treatment. The ultimate strengths we—e on the
order of 25 ksi higher after explosive shocking.
Ihese benefits were achieved at the cxpense of some
decreases in ductility and toughness as measured by
tensile elongation and by impact values. The ex-
pivsive-hardening ¢ otments were apparently per-
formed after quenching and before the tempering
operation.

MECHANICS OF HIGH-ENERGY-KATE METALWORKING

At.ention is being given to the measurement
problems posed by the short time intervals charac-
teristic of high-velocity forming. Bouma d-scribed
techniques for measuring strain-time history in the
plastic region during explosive free forming of
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FIGURE 5. ISOTHERMA!. AGING CURVE FOR 2014 ALUM::'UM

ALLOY SUBSEQUENT TO SOLUTION TREATM .f
OF UNFORMED, EXPLOSIVELY FORMED, AND
RUBBER PRESSED 2014-0711)

metal bianks under water.(15} Electrical-resistance
strain gages with backings of polyimide anc¢ filled
epoxy worked satisfactorily., Elongations up to 11.5
percent were measured at strain rates up to 100/sec-
ond without gage failures. The time-displacement
history displayed on an oscilloscope was recorded
photographically. A paper presented by Samanta and
Magi dealt with instrumentation for high-velocity
upsettinz of specimens at temperatures from 80 to
1470 F.(16)  Ram velocities ranged from 164 tu 328
feet per second in the experiments. Forces were
measured by strain gages mounted on a pressure bar
in series with the specimens, and displacements were
measured by a photometric system.

the dcformation process of explosive form-
ing of thin-walled circular rings was analyzed by
Ching and Weese.(17) The strains were considered
from the standpoints of both encrgy transfer and of
pressure loading. The analytical results agreed
well with data from cxperiments at various charge
weights of PETN on 6061-7C tubing. Equally good
agreement was obtained for predictions based on
pressure anal ses. Because the calculations are
cumbers-ze, two design curves were presented for use
in predicting maximum and final strair- resulting
from various charges.

Formability limits in producing hemisphericai
disks without a draw ring was the subject of 2 paper
by Burnham, Norris, and Cossa.(18) In this approach,
radial compressive stress is induced during the early
stage of forming by using a gather ring on top of
the die. The use of a blank holder in the alterna-
tive approach produces radial tensile stress in the
flange of the workpiece, The forming linits in
gather forming are set by buckling and by fracture.
The limits depend on the rigidity of the starting
blank, the ductility of the workpiece, the shock
coupling process, and deformation strains. The
gather-forming process was analyzed using the prin-
ciple of mass conscivation anc an assumed function
of wall thickness, Predicted and measured strains
were gencrally in good agrecment. [Equations for cal-
culating deformation energy, explosive energy de-
livered to the blank, and some causes of buckling
were also checked by experiment. The elastic buckling
limit for disks of 6061-0 aluminum was found to cor-
respond to a diamcter/thickness ratio of 130. Much
higher buckling limits can be achieved by using sand-
wich techniques for explosive gather forming.
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and the worepicece, which wao contined by dics con-
taining holes of ditferent diamctors. the tubes
were 8 oanchies Loag with -1 a-inch OB and O oiach I
the holes were 01, 305, 1 O, and % yneh in Jiam-
vter,  Charge werghts ot PEIN us o as 125 grains
per foot were sufficient to punch 10d-inch-diamete
holes in high-strength stecl.  As g result of an
analysis of the punching process made during the
study, an empirical formula was developed for esti-
mating the energy requirements of explosive punching.

Lxplosive punching of holes in high-strength
steel plates was theoretically and cxperimentally
investigated by Howeil and Dowling.!<0)  Shaped
charges were used to cut 2-inch-diancter holes in
3/8-inch plates. Bru standoff distance and the
wedge angle of the shaped charge had marked influ-
ences on the hole penctration or efficiency, and
the wedge angle al o affected the shape of the
groove cut in the plate. The authors concluded
that penctrations greuter than 0.3 inch per shot
should be possible and that the operation is feasi-
ble for use in the field.

Tube bulging cxperiments, which confirmed
earlier theorctical analvses of the deformation of
thin cylindrical shells under radial impu'sive pres-
sures, were conducted by Masgki, (21} The oxperi -
ments were conducted on aancaled copper (1.2-inch
Ob, 0.04-inch wall) with an cxploding wire device.
High-speed photographs showed that the center of the
shell was first displaced uniformly in a radial di-
rection and then by bending waves that started at
reinforcing rings and traveled toward the center.
he analysis also was extended to larger strains by
making several hasic assumptions. Somc of the more
important assumptions were that (1) the duration of
the pressure pulse is short compared with the ter-
mination period of deformation, (2) the displacement
of the tube wall under radial pressure is small com-
pared with the final displacement, and (3) the mator-
ial is perfectly plastic. Much of the deformation
and the shape of the final profile were attributed
to the effect of bending waves propagating from re-
straining or reinforcing rings at the cnd of the
tube. Equations were presented for predicting the
profiles of bulged cylindricual shells.

HIGH-ENLRGY - RATE METALWORKING

In addition to the clectrical sistems men-
tioned -;arlicr, chemical explosives and other ener-
gy sourcos have heern used for a variety of metal
processing operations,

An intensive investigation on high-cenergy
metal forming and usuxiliary opurations has been in
progress at the University of Birmingham since 1905.
A paper by Tobias and associates gave the highlights
of studies which had been reported in detail in 24
earlier publications.(22) Much of the work has heen
con..rrnod with the design and developument of suila-
ble equipment. The devices consisted essentially
of a power cylinder (comparable to an internal com-
bustion chamber) integrated into a press frame. The
power cylinder could be fueled by diesel oil, gaso-
line, mixtures of those liquids, or propane. Using
such equipment was said to lower capital costs by
15 percent compared with mechanical-pneumatic de-
vices. fRam speceds were about 50 feet per sccond
maximum, and output energics rarged from 5,000 to

20,000 ft-dh, One slow-specd machine had been buiit
to Jdeliver 2o,000 £t-0h at a oram velocity of 17 feet
poer seoond, Designing o machine for such a speed,
which is in the range for conventiunal drop hammers
resulted in hagher cost und heavier equipment than
would be needed for a nachine with g higher velocity.
A 75,000-ft-1b counterblow machine with a relative
platen speed of 80 feet per sccond operated with a
cvele time of 12 seconds.  The "Petro Forge' devices
cun deliver o number of blows in quich succession
like a hammer. Such energy-limited devices can de-
liver a large total arount of energy compared with
single-stroking presscs of comparable size and cost.

Theoretical and experimental work indicates
that high-velocity cropping (bar sheurin§i may of-
fer advantages in commercial operations.(<2)  fn-
creasing the blade velocity from the conventional
level of approximately 0.5 fuot per second to the
8-to-60-feet per second range produces sheared sur-
faces morc ncarly perpendicular to the bar axis and
relatively frece of wefects. The improvements were
most noticeable in the case of stee and aluminum,
but were negligible for the titz-ium alloys, mangan-
ese hronzes, and nickel-base alluvs investigated,
Plant studies with a high-velocity bar-cropping ma-
chine are to start soon., Blanks produced from sheet
metal at high shear velocities usually exhibit bet-
ter cut susfaces; mos® nonferrous nmetals do not.
Figure 6 shows that the amount of distortion, evi-
denced by doming and dishing of the blanks, is also
affected by shear velocity, Those data for mild
steel suggest that the optimum blankine velocity
lies within thc range ifrom 30 to 40 feet per second.
Other data indicate that the peak load develop.d
during blanking occurs carlier in the stroke and
reaches a higher level in high-velocity blanking
opcrations.

The "HYDROPUNCH' which is a4 pncumatic-
hydraulic device fcr metalwerking vas described by
Tominaga and Takamatsu.(23) Jn this device, com-
pressed air operates a hamner that plunges into a
chamber filled with water and gencrates a high pres-
sure in the fluid. The hydraulic ypressure is trans-
ferred by the water to the surface of the workpicce
that has bcen placed in a dic sct and forms a part
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within a time interval of several milliseconds. The
equipment has been uscd to furm a variety of tubu-
lar, cup-shaped, and disk-shaped parts and V-belt
pulleys as test samples, and some products are

being produced in large quantities.

High-velocity extrusion-molding experiments
were described by Dower,(24)  rhis technique con-
sists of extruding a heated billet at a high veloc-
ity into a closed die. The operation resembles a
die casting except that the workpicce is solid
rather than liquid when it contacts the die. The
experimental work was carried out in a subpress
actuated at a ram velocity of 37 feet per second by
4 drop hammer or a pneumatic-mechanical machine.

The momentum and placticity of the hot workpiece re-
sults in filling even intricate die cavities.
Iraveling at a high velocity resulting from the fast
ram speed and a heavy cxtrusion reduction, a heated
billet fills the die by a combination of buckling
and upsctting deformation. For a given impact ener-
gv, best results were obtained by using hotter bil-
lets for smaller extrusion ratios. For example, in
studies on alpha-beta brass, good results were ob-
tained on billets heated to 1425 F and extruded at

a ratio of 41 and on billets heated to 1740 F which
were extruded at a ratio of 11. Tests have also
been conducted successfully on gray iron, nickel-
base alloys, and various grades of engineering and
stainless steel,

Procedures for explosive forming eiiliprical
domes (0.7 elliptical ratio) from quenched-and-
tempered HY 140 steel were described by Blanc.(25)
A Kirksite die with a clamped blank holder was em-
ployed for muitiple shots on blanks 48 inches in
diametes and 0.345 inch thick. iIn the first opera-
tion, a buffer of l-inch-thick rubber was used to
minimize a slight tendency for conical deformation.
[t was protected by a thin (0.060-inch) sheet of
mild steel. In the subsequent shots needed %o
rcach the desired depth/diameter ratio of 0,33,
water was used as the medium for transferring ener-
gy from the Primacord explosion to the workpiece.
Forming in air rather than during immersion in a
water tank simpliticd operations., Nevertheless,
the high cost of large dies and the relatively long
processing times necessitate careful study before
adopting explosive formirng as a production process
for high-strength steels.

Kiyota and assnciates presented information
on using a driver plate to impact and form a sheet
workpicce. (20)  Encrgy generated by detonating an
vaplosive was transferred to the driver plate
through a bath of water in a closed pressure vessel
lead, vinyl plastic, and aluminem plates ranging in
thickness from 0.004 to 0.02 inch were used in the
cxperiments. Best results in forming 0.016- and
0.012-inch-thick austenitic stainless sheet were ob-
tained by using 0.016-inch-thick aluminum sheet
for the driver. Jlhe technique is said to give bet-
ter reproduction of die details than conventional
methods. Because the blank is free during forming
{no blank holder), formed parts deform less during
trimming. The procedures were used suc tessfully
for making denture plates from stainless steel.

Autofrettage strengthens hollow cylinders
by producing residual compressive stresses at the
bore. The technique usually consists of applying
an internal pressure sufficicnt to expand the in-
side surface plastically while developing only elas-
tic stresses ncar the outside surface of the cylin-
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der. The po.sibility of using explosive autofret-
tage tcchniques for strengthenin; gun barrels wa>
discussed by Colton and Jones . (27) Currently,
hydraulic techniques are usec on a number of Army
cannons such as the 175-mm long-range artillery
piece. Experiments were conducted with 4340 steel
tubes of 2.5-inch OD x 1.125-inch ID using Prima-
cord (32 grains per inch}. No detrimental effects
of explosive working were noticed on microstructure
or mechanical properties. The free-forming studies
were said to indicate that explosive autofrettage

is feasible from both 2n economic and a technical
standpoint. Since the amount of deformation desired
at the inside diameter is small, explosive shock
intensities need not be excessive. So far, spalling
has not been troublesome and retaining dies have not
been necessary. Hydraulic autofrettage requires
expensive pumps and dies. Capital costs for explo-
sive autofrettage will be much lower if dies or
momentum traps are not needed to prevent spalling
or end effects.

The explosive compaction of powders into
axisymmetrical shapes was the subject of a paper by
Leonard, Laber, and Linse.(28) The powders were
vibratory loaded into steel tubes 1-1/2-inch OD by
1-3/8-inch ID by 8 inches long. After evacuation
to approximately 0.01 torr, the ends of the tube
were sealed. Then, a granular explosive was com-
pacted uniformly between the tube and a cardboard
container. Detonation from a central point at one
end produced a cylindrically uniform Jetonation
front traveling down the length of the tube. The
detonation velocity was approximately 9700 feet per
second.

The types and characteristics of the powder
materials used for the experiments are listed in
Table 2. The explosive loading that produced compact
densities greater than 97 percent of theoretical
levels without defects attributable to excessive
pressures are also given in the table. The wide
range in explosive required per unit weight of
different powders is attributed to the variation
in compressive strength of the materials studied.
The relationship is linear. The results suggest
that data on loads needed for densifying any two
materials with specific explosives, on container
dimensions, and on sample sizes would providc a
useful guide for estimating the explosive load need-
ed for compacting other powders.

TABLE 2. TYPES AND CHARACTERISTICS OF POWDERS USED FOR EXPLO -

SIVE COMPACTION(28)
Type of Pe A~
Charocteristic AlgO3 Tungaten Ti-6A1-4V  B-1900 Nicke!

Particle Size, mesh =325 -325 +100 -40 -325
Loading Demsity, g/cc

peccent of theoreticol 1.07  4.83 1.68 5.59 364

demity 2 25 3 s i

§ i ificgti

Powder Weight, ) grams 00 93 U 1084 708
Explosive Waight,® goms 1000 1172 80 106 57
Weight Ratio, powder/ 0.20 08 088 09 1.2

explotive

{a) Weight per B-énc.’\-lrmg'h,r'l:.'l/ﬁ-incl?\-lbi stee! tube used fo contain the 7
powder. The explotive was gronular dynomite packed to o density of
1 g/cc witha de velocity of opproximately 97200 feet/second.
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